Exploiting wind energy in complex sites like mountain terrains implies the necessity for remote structural health monitoring of the wind towers. In fact, such slender vertical structures exposed to wind may experience large vibrations and repeated stress cycles leading to fatigue cracking. Possible strategies for remote fatigue damage detection are investigated. Specifically, this paper is focused on the use of suitable strain sensors for crack detection in critical sites of the structure, suggesting several strategies taking into account the possibility of wind direction changes and/or wind calm phases. They are based on a radial arrangement of strain sensors around the tower periphery in the vicinity of the base weld joint. The most promising strategy uses the strain difference between adjacent strain sensors as an index of the presence of a crack. The number of sensors to be installed is dictated by the minimum crack size to be detected, which in turn depends on the expected extreme wind conditions and programmed inspection/repair schedule for the structure.
Introduction
The strong drive to harness wind energy has recently led to the consideration of new installation sites for wind turbines, including mountain regions at elevations of between 800 and 3000 m asl [1] . This stems from the awareness that 'conventional' sites are destined to be fully saturated quite early. Among the European countries in the Alpine region, Austria and Switzerland were the first to invest in exploiting wind energy in the mountains to make the most of their territory's energy resources. Recently, Austria revealed the 'Tauernwindpark Oberzeiring' windfarm, which stands at the highest elevation in Europe (1835 m asl) with an installed capacity of 20 MW.
In comparison with conventional sites, such locations are more critical, because the more severe weather and wind conditions will have adverse effects on both the functional capacity of the wind turbines, which will need to have particular structural features, and the electricity generated. In fact, this resource is strongly influenced by the lay of the land, being characterized by lower air density, complex turbulence mechanisms and, in winter, very low temperatures and icing conditions. Nonetheless, considerable effort is currently being made to assess the technical and economic feasibility, and the community interest in exploiting wind energy resources in these environments [1] . The installation of wind farms in complex terrains consequently demands in-depth analysis, in the design of such a plant, of both the methods for assessing the resource and the more or less direct transfer of procedures and technologies developed for conventional sites. The IEC standards [2] fail to provide recommendations on this type of site, where the structure of the flow field is substantially more complex in terms of its effect on the stresses involved.
A major concern for wind farm installation in these sites is related to the reliability of the supporting structures in the life-long period. It is common practice that slender vertical structures exposed to wind, like chimneys or flexible steel towers, may experience large vibrations and repeated stress cycles leading to fatigue cracking. For instance, recent failures of lighting towers have raised questions about the robustness and safety of the existing inventory of similar structures [3] [4] [5] . Small cracks gradually develop and propagate due to windinduced cyclic loads, occasionally resulting in a catastrophic failure. The vulnerability of steel structure to fatigue is often coupled with corrosion localized in the weld joints, so the likelihood of a failure grows dramatically with the age of the structure.
Although many papers dealt in the past with wind-induced fatigue [6] [7] [8] [9] [10] [11] and recently the Eurocode 1 [12] codified the first method to take it into account in the design of structures exposed to wind actions, the strength prediction of wind towers is difficult, for a number of reasons. First, because cracks can initiate at different points, including the base flange-to-column weld, the handhold detail and the anchor rods [3] [4] [5] . Second, the response depends on the complex interaction between wind action and dynamic vibration. More specifically, in the steel mast supporting the turbine, the aerodynamic vibration directly induced by wind is always coupled with that produced by the rotor. The latter effect is even more critical when the rotor mass becomes eccentric as a result of the icing of the blades. Third, the response of the wind tower to wind actions is made even more complicated by the fact that the nacelle atop the tower rotates in order to keep the rotor aligned with the wind direction. Hence, fatigue design of the wind tower must take into account the directionality of both wind and wind turbine inertial characteristics. In this sense, the wind turbine cannot be regarded as a stationary structure and therefore predictive models derived for this kind of structure exposed to wind actions [11] cannot be used.
This explains why safe operation of a wind turbine normally requires an appropriate management programme including routine inspection and non-destructive checks [13] . Nonetheless, the reliability of the structures supporting the wind turbines can be enhanced via the adoption of permanent instrumented monitoring, as this provides useful information on their health and allows planning and implementation of rational management. In fact, an efficient sensing system provides a real-time damage estimate and allows maintenance in order to prevent failure. In particular, the system has to be sensitive to the micro-and macro-crack patterns induced by fatigue loads. It is known that the stress intensity factor, which controls crack propagation, depends on both the applied load and the crack length [14] . Hence, instrumented systems measuring the magnitude of the local stress at the critical joints and sensing techniques aimed at detecting small cracks and evaluating crack dimensions are crucial for improving the reliability of this type of structure. From an economic viewpoint, the installation of an instrumented system is of particular interest in wind farms that are not easily accessible for inspection, such as those in remote mountain areas. In fact, in such cases the high cost of routine management and inspection suggests the alternative adoption of automatic devices for both measuring and communication. In general, fatigue damage monitoring can be coupled with collection of environmental data (temperature, wind speed and direction), measurement of turbine performance, troubleshooting and active control of de-icing systems.
In this paper, the possibility of employing suitable strain sensors to reveal the onset of fatigue cracks is investigated. It is noteworthy that the present work is not conceived as a mere case study for a particular application but aspires to provide useful general indications about the use of strain sensors for real-time monitoring of the health status of civil structures and the onset of fatigue damage. This paper is structured as follows. Section 2 describes the wind turbine selected for the present application, as well as the main results of the experimental characterization of its dynamic behaviour in terms of Eigen-frequencies, damping behaviour and in-service nacelle acceleration spectra; section 3 provides a theoretical background about wind actions on slender structures; section 4 is devoted to the determination of the equivalent static base reaction moment generated by typical wind actions, starting from the results shown in section 2; section 5 is focused on possible non-destructive damage detection strategies, highlighting the advantages offered by strain sensors; section 6 illustrates the FE model of the damaged wind tower, whose results are used in section 7 to analyse the strain sensitivity of the wind tower to fatigue damage and identify the optimal employment of strain sensors for fatigue crack detection. Concluding remarks are given in section 8.
The wind tower under examination and its experimental characterization
The whole project targets the damage monitoring of a wind turbine located at the Trento Experimental Wind Farm [15] . The objective of this facility is to create a reference in research on wind energy employment in Italy and Europe. To date, there are two mini turbines, one three-bladed upwind turbine (rated power 20 kW), one two-bladed downwind turbine, named GAIA (rated power 11 kW) plus one three-bladed upwind wind microturbine (rated power 1 kW). Two dedicated wind measurement masts are placed according to IEC standards near each of the larger wind turbines. These have sonic anemometers at two heights, 9 and 18 m, that allow wind turbulence to be fully characterized. The wind turbines and the masts are set up with classical sensors, which acquire fluiddynamic, functional and structural data.
Because of the wide use of this type of rotor in Europe, the two-bladed, teeter hub, downwind, free yawing, stall controlled GAIA wind turbine, shown in figure 1, has been chosen as a case study for this research. The main characteristics of the wind turbine are listed in table 1. The truncated conical (mean diameter: 0.55 m at the top to 1.10 m at the base, 18.1 m height) tubular tower is shown in figure 2(a) . The shell thickness is 6 mm. The tower is composed of three sections that are connected to each other by means of double flanges with fully preloaded bolts. A similar configuration has been used at the joint between the top flange and the yaw ring. The bottom flange (depicted in figure 2(b) ) has been fixed at the foundation by partially prestressed anchors arranged in a circle on the outer side of the shell. This type of joint is particularly prone to fatigue damage because of the flexibility of the flange. Thus, the present research has been focused particularly at this point, investigating the local effects of fatigue damage. An experimental campaign was carried out in order to investigate the dynamic behaviour of the wind tower in terms of Eigen-frequencies, damping behaviour and in-service loading spectra. For this purpose, a modal identification of the structure was performed by positioning six accelerometers along the tower and inducing impulse excitation using an instrumented shock hammer. The frequency response function (FRF) has been calculated in order to extract Eigen-frequencies and damping ratios of the structure by curve fitting the FRF using the single mode method [16] . The results thereof are summarized in table 2. These findings were used to tune the numerical models employed in the following.
In order to quantify the dynamic loads that act on the wind tower during the in-service conditions, the turbine nacelle was instrumented with three piezo-electric accelerometers (±10% sensitivity: 1019.4 mV (m s −2 ) −1 , ±5% frequency range: 0.15-1000 Hz). Since the wind turbine is free yawing in order to align the rotor with the wind direction, the three linear acceleration components were measured alongwind (x-axis), crosswind (y-axis) and upward along-gravity (z-axis). Figure 3 illustrates the power spectral density (PSD) of the x-and yacceleration signal (S a x (ω) and S a y (ω), respectively) acquired at 1 kHz for 10 min on 31 March 2008, during a season of strong winds, hence representative of heavy in-service wind loads acting on the structure. PSDs were obtained by signal detrending, averaging ten time windows, and by applying the Hamming windowing. Many peaks can be noted: among them, the first two flexural modes along both the x-and y-axes, decoupled because of the different nacelle moment of inertia along the two axes, as well as the excitations of the tower due to the blades' rotation at 56 rpm, i.e. fundamental frequency 0.93 Hz and its integer multiples. Figure 4 depicts the anemometric data, in terms of wind speed ( figure 4(a) ) and wind direction ( figure 4(b) ), acquired concomitantly with the acceleration spectra using the sonic anemometer installed at 18 m height near the wind turbine. The acquisition rate was 0.5 Hz. It can be noted that the wind speed was considerably high, the average speedŪ was about 11.5 m s −1 , and that the wind direction was approximately constant.
Theoretical background: wind actions on the tower
Slender structures exposed to wind, such as wind towers, are subjected to time-varying (dynamic) actions. The mean part of the structure response, concentrated in the alongwind direction, is related to the mean wind velocity; the fluctuating part of the response is caused by the mutual action of the wind turbulence (buffeting) and of the vortex wake [17] . The former produces motion amplitudes, depending mainly on the mean wind velocity. The latter produces aerodynamic actions perpendicular to the wind direction, whose frequency depends on the mean wind velocity and on the shape and the size of the structural section. The worst situation happens in correspondence with the critical wind velocities, which cause a resonant shedding with a natural frequency. This dangerous phenomenon is known as lock-in. Solari et al extensively investigated wind loading effects on slender structures in the past [8, 9] . Their theory is here briefly summarized and adapted to the wind tower.
The instantaneous wind velocity U at height z is expressed by the vectorial temporal law
in whichŪ and u are, respectively, the macro-meteorological and the micro-meteorological components of U . It is admitted that U varies so slowly in time as to be approximated by a series of constant values on successive T intervals. Accordingly, u(z, t) is the vectorial zero mean turbulent fluctuation of U aroundŪ . Considering a flat homogeneous terrain and the internal boundary layer,Ū and u result:
where i, j, k are the unit vectors in the directions x, y, z (see figure 1 (a)),Ū is the mean wind velocity aligned with x; u, v, w are the longitudinal (x), lateral (y) and vertical (z) turbulence components. The mean wind velocityŪ (z) is expressed in terms of the height and the site properties, using the logarithmic profile as proposed in the Eurocode 1 [12] :
where c T is the topography coefficient, k T is the terrain factor and z 0 is the roughness length.Ū ref is the reference velocity, i.e., the mean wind velocity at 10 m height, in open country. Assuming the wind tower as a slender stationary structure, thus ignoring wind directionality, alongwind aerodynamic actions are partly distributed along the axis of the mast, partly concentrated in the geometric centre of the rotor nacelle. They are given by
whereF x and f x are the mean and the fluctuating alongwind forces, respectively, ρ is the air density, C d is the drag coefficient of the beam at height z, B is the size of the beam orthogonal to the wind direction, C dn (C dr ) is the drag coefficient of the nacelle (rotor), A n (A r ) is the surface projection of the nacelle (rotor) on the plane yz, z n is the height of the nacelle, and δ(•) is Dirac's function. The mean wind force in the crosswind direction is null and its fluctuating component results:
where f y,ν and f y,ω are lateral turbulence and wake contributions, respectively. Applying the quasi-steady theory and admitting that the turbulence is small, the loading term associated with the lateral turbulence is given by
where C l (z) is the prime angular derivative of the lift coefficient of the beam at height z, C ln (C lr ) is the prime angular derivative of the lift coefficient of the nacelle (rotor). For the sake of simplicity, the vortex shedding contribution f y,ω to lateral wind actions will be neglected since it is concentrated in a narrow range across the critical (lock-in) wind velocity, which is significantly lower than the wind velocity values considered in this study.
The static alongwind action can be easily computed once the aerodynamic and structural parameters are known. On the contrary, the estimation of fluctuating buffeting actions requires the knowledge of the longitudinal and lateral turbulence components u(z, t) and v(z, t) as well. In the present work, these quantities have been indirectly calculated starting from the longitudinal and lateral acceleration spectra shown in section 2. In fact, assuming structural linearity and that the turbulence is independent of the height z [18] , the PSDs of the longitudinal (x-) and lateral (y-) turbulence are given, in the angular frequency ω domain, by where H α,a β (ω) is the transfer function from turbulence to the corresponding nacelle acceleration component. Finally, the PSDs of the clamped base reaction moments are given by
where H α,M β (ω) is the transfer function from turbulence to the corresponding base reaction moment component. Both H α,a β (ω) and H α,M β (ω) have been computed by finite element modelling. It shall be noted that this approach fictitiously includes the contribution of the rotor unbalance actions to the base reaction moment into the turbulence spectra. Nevertheless, it is considered acceptable since the physical significance of the turbulence spectra is not important in the scope of the present paper.
Numerical modelling of the wind tower: estimation of the base reaction moment
The dynamic behaviour of the wind turbine was reproduced by means of a finite element model, illustrated in figure 5, using the commercial code Ansys ® Rel. 11. The tubular profiles of the tower have been discretized using eight-node shell elements (SHELL93). The flanges connecting the three tubular segments composing the wind tower were modelled using 3D elastic tapered asymmetric two-node beam elements (BEAM 44) that connect the nodes lying in correspondence with the segment junctions. The nodes lying on the base flange were clamped, thus neglecting the dynamic admittance of the concrete foundation. In [19] this simplification was found to contribute to the total strain state of the tower by less than 2%, thus not affecting the overall structural response of the tower. Both lumped and consistent mass matrix formulation was used, showing comparable results in terms of Eigen-frequency, thus confirming that a satisfactorily mesh refinement was achieved. The nacelle was considered as a rigid body connected to the tower through massless rigid elements (MPC184). The mass and rotary inertia of the nacelle were introduced into the FE model through a point structural mass element (MASS21). Since the mass moments of inertia of the nacelle I xx , I yy , and I zz were not exactly known, these parameters were determined by minimizing a penalty index. This index is defined as the variance of the difference between the modelled (for a given set of the parameters I xx , I yy , and I zz ) and measured first four Eigen-frequencies. The penalty function is where f i,num and f i are the i th numerical and experimental natural frequencies, respectively.
The combination of these parameters that minimizes the penalty guarantees the smallest deviation between numerical and experimental Eigenfrequencies. The minimization problem was solved using the subproblem approximation method, i.e. an advanced zeroorder method implemented in the Ansys code [20] . The results of the minimization are listed in table 3.
The mechanical admittance functions introduced in section 3 were computed through a harmonic FE analysis based on the modal superposition method. A convergence analysis on the number of modes considered was carried out. Convergence was achieved by considering the first four vibration modes. Both structural and aerodynamic damping were introduced into the model as modal damping. For the former, the damping ratios listed in table 2 were used. For the latter, the expressions indicated in [8, 12] were utilized. The fluctuating wind actions due to the unit turbulence components u(ω) and v(ω) were applied to the model in the form of distributed and concentrated nodal forces according to (7) and (9) . The wind and aerodynamic properties used in the calculations are listed in tables 4 and 5, respectively. Figures 6(a) and (b) depict the mechanical admittance function from turbulence to nacelle acceleration as well as that from turbulence to base reaction moment, respectively. Figure 7 illustrates the PSD of the base reaction moment, expressed by (11), due to longitudinal and lateral turbulence.
The maximum amplitude of the fluctuating base reaction moment M β,max , which is expected from the PSD shown in figure 8 assuming a Gaussian distribution, can be calculated using the so-called ±3σ criterion [21] , where σ 2 is the variance of the random process:
From (13), a maximum amplitude of 77.1 kN m due to alongwind and 58.9 kN m due to acrosswind loads is obtained, while a far smaller static alongwind base reaction momentM y equal to 5.8 kN m is predicted using (6) . This indicates that the effect of fluctuating wind actions on the tower stress/strain field is preponderant with respect to that exerted by the static alongwind action. Hence, a crack detection technique based on the monitoring of the tower strain field should be based not only on its static but also on its dynamic response. In the following, the alongwind base reaction moment, corresponding to a cumulative occurrence probability of 10% that this reference value is exceeded, will be used as a representative value for in-service loading conditions:
Non-destructive damage detection of the wind tower
Predicting the fatigue damage caused by the time-varying wind actions shown in the preceding sections is quite cumbersome for many reasons, among them the uncertainty about wind loading, wind directionality, fatigue crack initiation sites, and the effect of complex geometric details like weld junctions. Therefore, a safe running of the wind turbine could take advantage of a reliable non-destructive damage detection (NDD), giving the basis of any decision to repair, rehabilitate, or replace the structure. During the past three decades, a significant amount of research has been conducted in the area of NDD; many researches dealt with damage detection by analysing changes in natural frequencies (for instance, refer to [22, 23] ). The most appealing feature of such a technique is that natural frequencies are relatively simple to measure. However, the feasibility of using frequency changes for damage detection is limited mainly for two reasons. First, significant damage may cause very small changes in the Eigenfrequencies of the lower modes that are usually measured from vibration tests of large structures, and these changes may be undetected due to measurement or processing errors. Second, variations in the inertia properties of the structure (for instance, in the case of the wind turbine, due to ice accretion or slight variations in the angular frequency of the rotor caused by the asynchronous power generator) or measurement temperatures can obscure the measured frequency change. In this regard, a mean annual range of temperature in a mountain environment can easily reach 60
• C, causing a density variation leading to about 0.1% natural frequency variation.
In an effort to overcome these difficulties, alternative researches have focused on wavelet analysis [24, 25] to get information about the damage status of the structure from the non-stationary components of the vibration signal (hence accounting for environmental changes), and on analysis of mode shapes changes, which are more sensitive to local damage as compared to Eigen-frequencies [26] . However, even these techniques are affected by some drawbacks, like the appearance of interference terms on the timefrequency plane or loss of time/frequency concentration in the wavelet analysis [27] and extracted mode shapes affected by environmental noises from such sources as ambient loads or inconsistent sensor positions in the second NDD technique mentioned [26] .
The objective of this paper is to present and evaluate an alternative NDD method based on the analysis of the local strain field perturbation caused by the fatigue damage. In comparison with the aforementioned NDD techniques, the appealing feature of this method is that the local response is supposed to be much more sensitive to the crack patterns. In this regard, over the past few decades, fibre Bragg grating (FBG) strain sensors have emerged as a reliable, in situ, non-destructive tool for monitoring, diagnostics and control in civil structures like high-rise buildings, bridges, tunnels and dams [28] . The information from such structural health monitoring systems can provide early warning for compromised integrity of structures and thus help to avoid severe losses.
As compared to conventional resistive extensometers, optical fibre sensors have advantages such as immunity to electromagnetic interference, thermal stability, small size, high sensitivity, large bandwidth, and ease in signal light transmission [29] .
Finite element modelling of the cracked wind tower
In order to design a sensing system suitable for efficient strain monitoring in the application selected, it is necessary to investigate and quantify the effect of a fatigue crack on the strain response of the wind mast. Usually, in such structures, critical sites for fatigue crack initiation and propagation are located at the welds between rings and tube because of the stress amplification caused by the circumferential constraint opposed by the rings as well as the stress concentration effect exerted by the weld toe. Hence, the strain field in the vicinity of these sites needs to be monitored. In the structure under examination, the maximum bending stress is approximately constant throughout the lowest of the three conical shells composing the tower. So, in principle, both flanges at its ends are equally critical for fatigue crack onset. In the present work, as a preliminary analysis, the attention is focused on the base joint. Similar considerations apply to the remaining flange, whose strain field may be monitored according to the same strategy. Clearly, before a practical application of the present monitoring technique, a preliminary detailed field study based on numerical analyses to identify critical spots is necessary.
In order to set a reference crack size for the sensitivity required from the proposed NDD method, a simplified numerical estimation of the shortest crack size detectable from the variation of the natural frequencies was made. Obviously, techniques revealing crack sizes larger than this value will not be taken into consideration, since in this case easier NDD methods can be adopted. For this purpose, the FE model used for the modal analysis presented in section 4 was further refined in order to simulate the effect of a horizontal crack at the base joint (see schematic illustration depicted in figure 8 ) upon the Eigen-frequencies of the structure following this simplified approach: the presence of an opened crack was simulated by removing all the constraints from the base nodes lying on the crack face; similarly, the presence of a closed crack was simulated by constraining only the axial displacement of the base nodes lying on the crack face. It is noteworthy that no significant difference (below 0.01%) in the Eigen-frequencies of the first two modes between the two crack configurations was observed, and it is not reported here for the sake of brevity. Figures 9(a) and (b) depict the variation of natural frequencies of the first two modes with crack half-length a for two crack configurations, i.e. crack centre lying on the x-and the yaxis respectively. If we assume, as mentioned in section 5, that only natural frequency variations larger than 0.2% can be reliably distinguished from the environment noise, a minimum detectable crack size of about 140 mm can be taken as a reference defect size for the proposed NDD method.
The perturbation of the local strain field caused by the fatigue crack was computed numerically. An FE model, shown in figure 10(a) , of the through-wall-cracked wind tower was built up. Due to symmetry, only a half of the tower needs to be modelled. Twenty-noded isoparametric brick elements (SOLID186) were used with adequate mesh refinement at the crack tip ( figure 10(b) ). Four elements through the wall thickness were used in order to account for stress gradients. In order to meet the strict requirements of the fatigue design, all welds were carried out as full penetration butt welds of high quality. For this reason, the weld joint was assumed to restore the structural continuity of the component. The weld toe profile was modelled as a 135
• -opening angle sharp notch [30] . Introducing a circumferential through-wall-crack into the FE model seemed to be reasonable in consideration of the low thickness of the tube wall (6 mm) as compared to the explored range of crack half-length (20-200 mm). The stress singularity at the crack tip was modelled by a radial arrangement of collapsed quarter-point singular elements ( figure 10(c) ), allowing for an appropriate representation of the local asymptotic displacement field at the crack tip. For this purpose, an ad hoc fully parametric algorithm for creating mapped and not distorted meshes was implemented. The possibility of reducing the numerical complexity of the analyses by submodelling the tower portion around the crack tip was explored, but it was ruled out because it was found that the displacement field of the global model was significantly affected by the crack compliance. On the contrary, substructuring capability was used to condense the elements of the upper part of the tower into one superelement (MATRIX50), thus reducing the computational cost of the analyses. A concentrated force was applied to the tower upper extremity on a central node connected to the peripheral mid-thickness nodes through a radial arrangement of rigid link elements, so that the point of maximum bending stress coincides with the crack centre.
In order to check the accuracy of the cracked FE model, a couple of reference crack configurations, for which the stress intensity factor (SIF) K I is known, were considered: circumferential through crack in hollow cylinders subjected to tension and bending loads [31] . The FE model was slightly modified to represent these conditions by eliminating the base flange and the weld toe and modelling a cylindrical instead of a truncated conical shell. In addition, symmetry constraints on the base nodes (where the crack plane lies) were introduced. The mesh was refined up to a level that produced a relative difference lower than 1% between the FE and literature SIF values. In this regard, figure 11 shows the half crack length dependence of the shape factor Y , defined as where σ is the nominal tension or maximum bending midthickness stress, for both the FEM and literature solutions and for the cracked wind tower as well. It can be noted that the stress concentration effect exerted by the weld toe increases the crack SIF, especially for small crack lengths.
Wind tower strain sensitivity to fatigue damage: crack detection strategies
The FE model described in section 6 was used to investigate the strain field in the neighbourhood of the crack. In order to maximize the strain field perturbation effect caused by the crack, an equivalent static force, generating the reference alongwind base reaction moment found in section 4, was applied to the tower top extremity. Acrosswind loading was not considered, since it could be in quadrature phase as compared to the alongwind actions, so as to have a cautionary estimation of the tower strain field. In addition, the self-weight of the structure was ignored since the associated strains can be regarded as pre-existing before the application of the strain sensors after the in-service installation of the wind tower. Figures 12(a)-(c) show the axial strain distribution as a function of the circumferential crack coordinate ξ at different distances h from the weld toe (refer to figure 8), for crack halflengths equal to 140 mm, 100 mm and 60 mm, respectively, for a cracked (solid lines) and an undamaged wind tower (dashed lines). As expected, the axial strain is amplified in the proximity of the crack tip, the strain amplification increases with decreasing distance h, whilst the strain of the material portion overhanging the crack face is partially or fully released as compared to that present in the undamaged wind tower. Efficient techniques based on the Bayesian theory of probability have been set up in the past in order to automatically identify an abnormal condition, i.e. the deviation of a system from its expected behaviour [32, 33] . In the present case, several strategies could be pursued to identify an abnormal strain distribution caused by the crack on the basis of some axial strain point measurements made using the radial sensor arrangement depicted in figure 8 .
(1) The strain peak near the crack tip denotes an anomalous strain field. For instance, a strain value higher than that acting on the undamaged structure caused by the maximum expected wind load could be an indication of the presence of a crack. Assuming that a deviation lower than 30 με (i.e. 25% of the maximum nominal strain) from the expected maximum strain shall be admitted due to uncertainty about the maximum wind load and strain measurement error, it is clear from figure 12 that the region characterized by a strain value higher than the admissible one (about 160 με) is very tiny, i.e. concentrated in a region up to 5 mm (30 mm) above the weld toe and up to 30 mm (50 mm) moving circumferentially from the crack tip, for a crack half-length a of 60 mm (140 mm). This would require a high number of strain sensors that must be installed close to the base circumference of the tower, ranging from 100, for a = 60 mm, to 60, for a = 140 mm (the latter is the reference crack half-length considered in section 5). (2) The strain release in the region over the crack face can be alternatively used for structural monitoring of the wind tower. As compared to the preceding solution, this would have the advantage that the 'sensing' zone is wider, amounting to about 75% of the crack length 2a up to 30 mm from the weld toe, thus requiring a small number of sensing elements. However, in this case, the data interpretation is more complicated, because low strain levels can be caused obviously by low wind actions and/or by the fact that the strain sensor lies on the neutral axis of the bending stress distribution. To overcome this problem, knowledge of the theoretical circumferential distribution of axial strain in the absence of the crack is necessary. Information about this can be deduced from additional accelerometers mounted on the nacelle (like those described in section 3) or, much more easily, by jointly analysing the data collected by the overall circumferential distribution of strain sensors, as discussed in the following. (3) Instead of single point strain measurements, the axial strain gradient along the circumferential direction, i.e. the strain variation between adjacent sensors, can be regarded as an indication of the structural integrity. Accordingly, the presence of a crack produces a strain gradient much more pronounced than that observed in the undamaged portion of the structure. Therefore, if the strain variation between adjacent sensors significantly deviates from the strain gradient measured by the remaining sensors, the likelihood that a crack has initiated in the structure is very high. Such an approach requires that at least one sensor is located above the crack face, where the strain is released by the presence of the defect. In principle, this requirement is met if the sensor spacing pitch s (see figure 8 ) is shorter than the crack length 2a.
These outcomes indicate the third scenario as the most promising; hence, it will be further analysed. First, a reasonable choice of the sensor spacing pitch s is made as follows. The sensor arrangement is less sensitive to the strain release caused by the crack if the sensors lie symmetrically with respect to the crack median axis, especially for s values larger than 50% of the crack length 2a. In addition, the strain signal is very close to that of the undamaged condition when the sensing elements are placed close to the crack tip (0.9 s 2a 1), as shown in figure 12 . In this case, the detected strain gradient is very low; therefore, the anomalous condition could not be revealed. A conservative sensor spacing pitch s could be set to 75% of 2a. So, for any disposition of the sensors, at least one sensor is placed in the zone where the strain release is more pronounced. Figure 13 shows the strain variation between two adjacent strain sensors for different crack lengths as a function of the sensor distance h from the weld toe. The sensors' positions were chosen so as to minimize the strain difference between them for a worst-case analysis (i.e., the strain sensors are positioned symmetrically with respect to the crack median axis, as discussed before). The strain variation between adjacent sensors is compared with that occurring in the absence of the crack (dashed lines). It is noteworthy that this increases with increasing crack size, since the number of sensors was assumed inversely proportional to the crack length. The strain sensor arrangement can detect the crack only if the strain variation exceeds the reference value corresponding to the undamaged condition. This occurs if the sensors are placed at a distance not larger than about 30 mm from the weld toe for a crack half-length of 140 mm, while they can be positioned at up to 100 mm distance for a crack half-length of 60 mm.
It is noteworthy that a short crack requires, as expected, a larger number of sensors, but their radial arrangement is Figure 13 . Strain variation between two adjacent strain sensors, in the radial arrangement shown in figure 8 , for different crack lengths as a function of the sensor distance h from the weld toe. A sensor spacing pitch s equal to 75% of the crack length 2a is assumed. The sensors' positions have been chosen so as to minimize the strain difference between them for a worst-case analysis. The dashed lines indicate the strain variation occurring in the absence of (or, equivalently, far from) the crack. less sensitive to its distance from the weld toe. Obviously, the previous considerations take into account the measurement error of the strain sensors. Figure 14 square of the mean wind velocity. It can be noted that the minimum required sensitivity declines with increasing crack size and decreasing wind velocity. The strain sensors usually employed for structural monitoring of civil constructions have demonstrated sufficient accuracy for the present application, being about 20 με in a measurement range of 0-900 με and 25-120
• C [28] . In this case, the minimum detectable crack half-lengths are 80, 110 and 130 mm, respectively. In this regard, figure 15 exemplarily compares the time-history of the strain variation between adjacent sensors, placed at 30 mm distance from the weld, across and far from the tip of a crack with 60 mm half-length, respectively. The signal generation was carried out according to the random phase method [34] , starting from the base reaction moment spectrum plotted in figure 7 . The condition of a closed crack due to compressive bending stresses was simulated by constraining the axial displacement of the nodes lying on the crack face. Moreover, it was assumed that the crack does not appreciably affect the tower dynamic behaviour, as confirmed by the modal analysis shown in section 6. The difference in the strain signal caused by the fatigue damage is clearly visible, even in the low-frequency strain component associated to the first flexural mode. This points out the expediency of low-pass filtering of the strain signals to remove high-frequency oscillations that partially obscure the differences between the two signals.
In conclusion, the major limiting factor for fatigue crack detection is the number of strain sensors, depending on the budget allocated for the health monitoring of the structure, rather than the strain sensor sensitivity. In fact, it has been found that even cracks with half-length down to 20 mm can be detected in this manner, i.e. crack sizes inaccessible to the global NDD techniques mentioned in section 5. The minimum detectable crack size should be chosen on the basis of other considerations, like the compatibility between the residual service-life after damage detection, which in turn depends on the extreme wind conditions expected for the wind turbine, and the inspection/maintenance schedule of the structure. Moreover, distributed strain sensors in critical sites of the tower can be used not only for early crack detection but also as a means of assessing how hard the tower has been working, for instance with a rainflow or similar cumulative fatigue damage assessment method [35] .
Recently, there has been considerable interest in the development of optical methods for non-destructive evaluation of materials and structures, because of the full-field, noncontacting and high speed nature of optical methods, like digital image correlation [36] , shearography [37] , and photonic crystals [38] . These emerging technologies could be profitably applied to the structural monitoring of wind towers, mainly because they yield a 2D reconstruction of the strain field, highlighting both the discontinuities induced by cracks and the stress concentration at the crack tips. However, the technical and economic feasibility of the use of such technologies in the remote monitoring of structures, especially if located in hostile environments and hardly accessible sites, is still to be proven.
Concluding remarks
The present work investigated the possibility of monitoring the fatigue damage caused by wind actions on the supporting masts of wind turbines by employing suitable strain sensors. For this purpose, the perturbation of the strain field in the vicinity of a crack located in a critical site for the structural integrity of an existing wind tower was numerically assessed. Typical heavy in-service loading conditions were estimated, starting from the dynamic characterization of the wind tower in terms of Eigen-frequencies and damping ratios as well as from nacelle acceleration spectra. Several strategies for crack detection were investigated, taking into account the possibility of wind direction changes and/or wind calm phases. They are based on a radial arrangement of strain sensors around the tower periphery in the vicinity of the base weld joint. The most promising strategy uses the strain difference between adjacent strain sensors as an index of the presence of a crack. The limiting factor for fatigue crack detection is thus the number of strain sensors, depending on the budget allocated for the health monitoring of the structure, rather than the strain sensor sensitivity. Possible strategies for residual fatigue life assessment and management once the crack has been detected will be investigated in the future. This will assist the designer in the choice of the number of strain sensors to be installed depending on the expected extreme wind conditions and programmed inspection schedule of the structure. These considerations can be generalized to the health monitoring of all structures prone to fatigue damage localized in critical sites of the structure.
